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This report presents methods of calculating the sound pressure
levels which may result from static testing of large space vehicles.
The effects upon the suund of the directivity of the source and the
attenustion of the atmosphere are discussed. Discussion on the ef-
fects of the sound encrgy upon surrounding installations and com-
munities is {ncluded. Damage criteria for various types of con-
struction arc included along with some preliminary criteris for

hearing loss. Predicted acoustic levels for several high-thrust vehicles
are prescmted.
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CALCULATION OF TEE PAR-FIELD ACOUSTIC .
LY7ECTS OF STATIC TESTING OF LARGR
SPACE VENICIES

| L4
Richard B. Tedrick

This report presents methods of calculating the sound presaxe

levels which may result from static testing of largs spsce vehiclas. ,
The effects upon the sound of the directivity of ths source sad time .
sttenustion of the atmosphere are discussed. Discussion om the ef- N4
fects of the r-und ensrgy upon swrrounding installaticas sod cam-
aumities is included. Damags criteris for various types of com-
struction sre included slong with soms preliminery criteria for
bhearing loss. Pred’ ted scoustic levels for seversl high-thruet
vehicles are presented.

SECTION I. INTRODUCTION

Omss of the by-products of the static testing of rochet-powered
vehicles is the sugines' roer. As the sise of the wehicle to
tested has risen, 50 alec Has the resultast noiss level. Duxing
testing of the Sstura vehicls at Marshall Space Flight Cemter
aoise has besa propegsted scross the Redetoms Arescasl aves snd
the swrownding civiliss commmities. Becawss of the sstesero-
facters at the tims of firimg, part of this scousticsl emergy
sccesionally focweed isto the business snd residential sress. -
sccuxTences hove Meightened the intsrest in determiaing shet msy
the scoustic cemsequeaces of static firiag lexger rechst sehicles,
vhscher they are te be fired at MEIC, or elsawhere.

it

]

To juige the sffsets of such tests, both Sutwrn statis test
scoustic data end limited model etudies howe bosn wtilised. Thees,
iz 18 felt, are wesful se bases feor enxtrapelactisa te full-sssle,
Lazge-thrust stetic tasts. However these emtrapelstisas emly regre-
sent the pressat stats of the art ia gemsralised ferm and chould bo

applied te spocitic tast configursticns with entrems eantisa.
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vhere M (s the mass of the exhaust gases in grams and v is the expanded
jet velocity in meters per second.

Therefore, for a constant exit velocity

& o 3
ae ° 4 de

Bowever, the time rate cf{ change of the momentum (Mv) of the

exhaust gases 1s by defiricion the thrust (T), the sbove equaction
can bs written:

R S (%)

Bow assuming s proportionality (a conversion or effictiency
factor) constant (1) equation | becomes

P = 3

- n dt (3)
or in another form

P = 21V (6)

Por most large rocket firings, the scoustic efficiency factor (n) has
been found to <qual about 0.0005 (one-half percent). Having no resason to
think othervise, it may be reasonable to assume a similur efficiency for
even jarger vehicles tested under aprroximately equal conditions.

It can be shown (Ref.1) that, ignoring excess sttenuation and
assuming perfect heumi spherical radiacion,

SPL « ML - 20 lc, r - 18 (8]

where T is expressed in meters and the sound pressure level (SFL) ts ia
decibels re: 0.000. microbare. This cam be rewritten as:

SPL. 10 logn + 10 log (1/) X .20 leg r-18 (B
[ J
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Because: Ares s —“—‘——

[
4= z‘,!
x

Therefore, d varies as the square roet of the thrust and £,  1s
inversely proportional to the square root of the thrust. Actuslly,
the fact that d varies as .bhe square root of the thrust i{s not omly
true for clustered engines but i+ true in genersl {f che expended jet
velocity V is held constant. That {s approximstely the case for all
present and presently contesplaced liquid fucl engines and many soltd
fusl engines also.

37 utilizing the sbove relscionships to deternins the valus of
the peak frequency and the increase in sound pressure levels over the
smoothed Sacurn data msasured at MSPC, it is possidle to calculace the
spectra vhich vill result from the testing of vehicles larger €han tne
Set- ;n. A wvater-cnoled bucket-type 4eflector similar to the one
preseutly used at the MSIC Saturn test stand must be assumed or else
soms method devised for correcting the buckast-derived data for the
new test stand configuration.

It should be emphasized that the overall levels per ge are of
only very limited usefuiness, since the spectra of th: noise must be
known so that they mey be compared with the various criteria, vhich
are themselves functions of frequency. Accordingly, estimates of
the noise spectra to be expected have been prepsred from smoothed
wsasured sound pressure spectrs for ths Ssturn, scaled in thrust and
frequancy as discussed. These estimated spectra for the 7.5-million-
pound thrust S-IC vehicle sppear iam Pigure 1, whers the sound pressure
levals in octsve bands and the calculated oversll levels are given
for various distances from ths souwrca. The levels of Figure 1 per-
tain to the space averags; that is, thay give the md pressure
levels genersted by an equivalent souwrce of the sams acoustic power,
but ons which radiates uniforuly is all directioms. Directivity
corrections sust bde incleded, as discussed later, 1if ons vishas
to astimete the levels to be obtained from the $3-IC »t a given
location.

Careful examinstion of Figure |1 will show that the spectra pre-
sented fall slightly with incressing distancs and frequwmcy. This is
dus to the stmoepharic attsmumtics discussed later.



v
'
|
I

. i

0“‘
S
*

- A

9071 4

Q

o
2
%4

o

W 2G0C0 38 $Q - “NVE M 13A3T JuNSS

A
»
-

¥YRONY

e b 1 - e — W s o AL N b




[T PR

SECTION IV. DIRECTI'\..: CORRECTION

Pigure 2 shows the characteristic directivity pattern for the
single buckst deflector ¢:tm£lg\n'ul.ou.l This patteurn is based upon
recuntly experimented dats obtained at MSFC on scsle model experiments
with similar deflectors. These data agree in essence vith other recent
da.s obtained from full-scale Saturn measuremsnts at ranges of approxi-
mately one-half mile rangs. These data appear to be more msaningful
for the acoustic far-field than earlier directivity data obtatined at
600-feet rangs from a full-scsale Saturn configuration. The reason
bast the full-scale Saturn directivity data from one-half mile are
not themselves used is that propagation over the distance involved in
a4 1/20 scale model 1s less apt to be affected by meteorological com-
dictions.

To find the overall levels in a2 given direction, one merely adds
algsbraically the directivity correction shown in Pigure 3 to tne
averags levels of Figure 1. This procedurs spplies approximately to
toe octsve band levels as well, since experimental data indicates
that the Saturn noise spectrum doss not change drastically with angular
orientation. The spectrum changes that do occur would result in levels
that would be generally lower than those predicted by the present pro-
cedure. 8o, this method of calculating overall sound pressure lavels
may be considered to be conservative in the engineering sense. It
should be emphasized that these estimstes concern mesin values only.
Large fluctuations are to be expected due to non-homogeneities in the
atmosphere itself. (See Ref. 6 for examples and discussion of such

fluctuations.)

As an example, consider the following: What is the sound pressure
level in the octave band centered arouud 100 cps in & directiom %0
'egrees with respect to the axhaust strsam, 1.6 kilometers from the S-IC
.tand?! Prom Figure |, one finds that the space average sound pressure
ievel in that octave band is approximstely 120 ¢b re 0.0002 microbar.
from Pigure 2, one finds that the directivity correction in the 50-degree
direction {s 43 db; that is, the sctual level is ) 4d adove the space
averags, or 123 db re 0.0002 misvober. It is to be noted thst the
directivity pattern permits one to orient the exhaust stream to achieve
soms noise reduction at critical points.

1. This directivity charscteristic vas fuund experimsntslly to
exist around the Saturn static firiags st rangss in ezcess of 100
noszle dismsters. Below this range the cherscterisiic chemges sig-
aificen  y.
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u-u prepagetion sloug the grownd over distsmces of seversl

lensters ks boan shewm ¢o be profoundly affected by the state of the
stagophere betwosn source sad receiver. Ruperimental dats on sound
transmiseion of rocket moise over loag distances, that are well-docu-
amted by simultanscusly ocbtainmed msteocrologica: mezsuresents are only
rotsntly becamiag svsilable, largely through the sassurement pi. ~am in
pregrees at Test Division at NSFC. Morvewer, a cocprebensive th-.ry is
sttll lasking. Deepite this lack of understemding of the physic. f
cound treasmission throwgh the atmosphere, quantitative eangineer
ootimated must otill be sade. Ia arviviag at these estimates the fol-
lewing procedure hes been fellowed with some success. It 15 assumed that
the total excess attemwstion (the difference im decibels between the
sttusl sttesmation sessurad and the level reduction bssed ou inverse-
oquare law slone) weasured s¢ . givea distsnce in & given frequency band
con be seperated into two perte: Pirst, the sum total of dissipative
effests im tne atmosphere, primarily molecular absorptioa. Second, the
loss (oc gain) dus to stmospheric refrastiom, including scattering losses
by terbulesco snd impurities.

E

Asowming that the axcess sttesustion effects are separable, it
should be cheerved that Lhe excsese sttemustion of the first type cam
be appronimated by an stteawstion cosfficient which is dependent upon
distance. This attenuatioca coefficient slso depends not ounly
on the signal frequency but also oa bemdwidth and specirum shape.
(Retimates of the effective sttemmation cosfficisat are givea ia ruu
1 bolaw). These estimates are besed en cir-to-grownd propagitioa daca’
obtatnsd frou Figwse 9-10 in Refsrenee 3 and hove deea adjus.2d Co take
asommt of the spectrun shaps of rociet seise. Ths attesustica dets

i. In -;-w-—i propagatisn over relatively short distances
gtess sownd refrastisn effects are lilmly to be emsll. However timir
disost application te the grewnd-lewsl static testiag situatiom has
by

o0 be groved.




presented in Reference 5 is based matinly upon sa Alr Yorce-Armour
Resaarch Foundation study which showed similar values for iow ive-
quancy atmoephsric attemustion. No allowance vas mads in these
studies for attenuation by ground cover. Although no specific data
are available, it is belisved that the abiorption over open level
country vith grase and sparse snrubs mey de considered to be smsll
at the low frequencies vhich sre importamt im rochst moise.

Table I

Estimated Dissipative Txcess Attenuation in the Atmosphers

Preq.

Band, 8-16 16-35 35-75 75-150 150-300 300-600 600-1200 1200-2400 2400-4800
(cps)

Atten. -

Coef. 1/3 1/3 S/6 1 172 2 22/3 4 5 1/3 81/3

=)

Wote: Attenuation Cosfficient at very low frequesacies (= 1 cps)= O

The estimstes of the overall sound pressure levels, the octave bend
spectia givew in the preceding section., were arrived at by using the
above figures as "averags atmospheric zttenuatiom."” Unfortunately,
there are few experimental data svailadle against vhich these estimates
can be checked at this time because sound transmission dats from static
testing of large boosters involve sound refraction as well (see bslow).
However, there are soms dats which ars applicable bdecsuss the slope of
the effective sound velocity profile Lts smsll (of the ovder of 1
weters/second per kilometer.)

(s) Sound pressure spectra from SA-l Saturn lammch. (Ref. 6)
The data are applicable because the swarasge gradieat of the soumd velocitcy
profile at the spproximate height was not appreciable.

(The velocity of soumd, c, varied less them plus ov wismuwe
three wmeters per second per one kilometer altitude.)
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ot NEIC. FThere are ss yot fow spuctral smelyses of the far-fleld
le. Hewever, cthe spestre meswred durimg test
(s = 3 esters/sec/im) compsre gemerally with the spectra pee:
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these 15 emperimsagal evidemoce that good correlatiom exists be-
the effective sttemusticn (positive or magetive) dwe to
msea slops (megative or poeitive) of the
offisstive sound walecity prefile vwith height. (Ref. 7)

s

. The valesity of propagstion of somd ¢, ot a given haighc, and
is & given directiss, msy be defined as equal to the speed of soumd
ot tha teppersture &t the peist ia quastion (a still air, sad added
to it the vecter eamponsat of the mean vind at that height ia the
4istektun sonsifened. A0 & csmsequemce, the effective welocity of
aries met omly wvith height but slso with
iaflusace of the wiad.

|

the
" Ths veristions of ¢ with height tend to r ‘fract the sound "rays.”
e velocity profile in the stm.sphere nesr the ground
Sotuasn source and receiver is pesitive, that is if the effective speed
of sound eases vith height, the sound “rays” are
growmd. This msy result ia the formstion of & sound

i

. G‘ -
“fosus,” or lerge mgative valuss of sucess sttammation. If the slope

of the welccity prefile is megative, the sound "rays” are bent upward,
. This msy result ia the formstion of & sound

“shodwr.” or laxys pesitive valwss of emtiss sttenuation. (Ref. 7 & 8)

20 eseses the lilmlihood of occcuxremce of these effacts and their

tudd, it 18 assssary to comstruct the probebility distributions

the sowmnd welesity profilas and their seasomal varistions using
date

ast

from ssarby mstaorological statioms. Becsuse this report
incended te ¢ restricted to amy specific ares or areas, no
1ty éiscridbucions are iacluded hereia.

,:
!

IORIA FOR ESVALDATING ANTICIPATED SOUND FRESSURE LEVELS

i
f
9

ils spproasass te cvalustiag the amticipeted
previeusly suggestod criteris (Ref. 35) awe
peruissible overall sownd presswcs lewel with-
spastral cmmpesitien of the gamncatad aoise. Hewever,
uilding and peresamsl dummge criteris empreseed
ilevel given in bend ssund presowre lowels
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The _.hove-mentioned critarion based on overail sound pressure
level indicacted’that residentiasl building structures msy suffer damage
vhen they are exposed to noise vith an overall sound pressurs level
exceeding 120 db re 0.0002 microbar. This criteriom vas established
essentially for ons specific purpose: to estimste vhat damage might
occur {n the residential areas surrounding the Cape Cansveral Missile
Test Annex area during laumches of Nova vehicles in support of the
Apollo program. Thus, the overall SPL criterion was istended to apply
primarily to existing residential biildings located ocutside the comn-
trolled area, and vas designed to aid in balamcing the costs of demmges
againe: the cost of lanéd acquisition.

For the purpoees of this report, however, the authors are interested
not only in the residential areas outside the controlled zone, but asleso
in the effects of static tests upom structures and personmsl in the con-
trolled zone, itself. Moreover, the range of thrusts of vehicles to be
tested encampasses one order of magnitude, vith correspounding changes
in the frequency spectrum of the noise. HBence it is more appropriate
to use damsge criteria in which frequency information is retained.

It {s well known that structures are most likely to be damsged
by noise wvhen they are excited at a resonance, and that the lowest
resonance is uvsually ssscciated with the greatest damege causing
potential. For exampie, 4 wall or a vindow vhich msy be demaged by
noise with a 120 db octev- “and sound pressure level in s band en-
compassing {ts fundsmenta .requency msy be able to withstand leveis
up to 126 db in the next higher octeve band. This sssumss that the
higher octave band encompasses higher resonance frequencies of the
structures considered; L{f not, then this band only excites wmodes off
resonsnce and its damsge-causing potential is much reduced.

Residential structures outside controlled areas msy have com-
ponsuts (walls, windovs, roof panels) with all sorts of values of
fundamsntal resonant frequencies. Thus, commmnities of ressonable size
msy be expected to harbor soms structures with fundamsntal frequancies
that will fall within the octave band corresponding to the peak of the
anise spectrum genersted by any given large booster. The overall levels
associated with rockst noise depend, for all practical purposes, only
on the three or four octave bends nsarest the spectral pesk (ths spec-
trum shapes near the psaks do not vary very msuch). Therefore, establish-
mat of an overall level criterion is esseatially establishing am octave
band cricerios for structures (vith soms assumed sverags thickness amd
.strength cherscteristics) with resonsnces that fall mesx the spectral

peak.
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Considar, for example, s buildiag with 6-imch thick cindsr bdlock
vealls snd doub'.s strength (1/8 ia. thick) wisdows, wvasre i impssi
vindow 18 2 ft x 2 ft (f, 45 cps) , and the largest wall 1is 10 fr x 20 fc
(f, 20 cps). By choosing the lowest of the syplicable critexiom curves,
recalling that ssch is to be ussd omuly above the correspondiag fumdamental
fraqueacy, ons obtuiss ths composite criterioe ladeled “hypothstical
building”™ in Figure 2. Note that here the smsonry critsriom ceatrels
below 4% cps, simce the window criterioca appliss ounly sbove 45 cys.

Tigure & shows bazard contours applicable to the static firing
of 7.5-mtlliom-pound thrust S-IC boosters imto & water-cooled single
bucket deflector. These comtours were obtaimed by compating the spectras
giveas ia Sectioa Il with the criteris of Figure 2 snd provide aa ides
how far structures ¢r perscansl should de kept from the $S-IC test stand.
Becamse of their sywmmtry .bou the exheust directica, omly ome hslf of
esch comtour is show: 4

Also showa in Pigure & {3 the estimmted comtowr corraspocdiag to
a 129 @ owerall scunld pressure level, as obtsimed from Piguwre 1. 1t
is evident thet use of a 123 overall éb sowmd pressure level critsciom :
in the presest case wvould bde over-comssrvacive fer mesarly all types of g
structures oms vould resscnsably comsidsr for s test sits.

In view of the frequancy dependsace of ths damags eritsria, it 1o
clear that an overall sound pressure lewel criterice cammnt de very

useful by itself, since it discards all spectrum informariom. Thes,
for sxample, an oversll sound presswre level of 1235 & obtained from
Saturn coatsine considerably more high frequamcy susrgy tham the sams
level from Movae. Consequently, altheugh both spectra would be repre-
sented by the sams overall level, Nova's spectrwm would result ia o
greater hasard to structures vith low resonmaces, vhareas Satwrwn's
would be a greater hezard to personmel (siace hesrimg i more likely
to be impaired by higher frequeocies).
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CALCULATID ACOUSTIC LEVELS FPOR SEVERAL ¥ICE TNAUST-LEVEL VENICLES

The mathods outlined in the maia body of this report have been
applied to the calculation of the sound pressure levels which msy be
expected fram static tests of several high thrust vehicles. These
levels, plus the comtours (isopleths) asround the static test stands
at given discrete values, are givem in this Agppendix for arbitrarily
chosea thrust velues. Vehicles of these specific thrusts msy or msy
oot ever bs tested. However the charts asd tables in this Appendix
sound pressure levels from & wide ramge of thrusts.

Certaia sssamptions were made in the cslculstion of the levels
presented herein. Tre applicadility of these sseumtions to any specific
cest need to be cComnsidered bdefore the figuree listed in this Appendix sre
used for that teet.

The primary ssoumption msde was that the laiger thrust boosters
would be staiic tested under conditions identical to thoee under which
the Setura $-IC was tested at NSFC. This then included firing on s
single weter-cooled bucket-type deflector whese vater-uass to propellant-
mees tatio is one-tosess. Under these conditions the scoustic efficiency
ts about coe half of on> per cent and the direct:vity {is that shown 1in
Pigure ) of the main dody of this report.

The other assumption basic to these calculation {s that the vehicles
are either liquid-fueled or of an engine type wh.ch has the same scoustic
efficiency as the liquid-fueled Saturn S-IC.

The effects of changing any of the above paramesters are sot yet
completely understood sad therefore the acoustic results of the testing
under other ditions ssy vary significantly from the predictions listed

in this Appendix.

——— .
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TABLE A-|

Anticipated Sound Pressure Leve] Contours

1.5 Million Pounds Thruet 23
Axtmuth® 120 db 110 db 105 db 10C et '
s-etarlz ggsternl ‘-eterll (meters)
o* 1,063 4,612 6,445 8,64!
15 2,063 4,612 6 ,44S 8,64l
: 30° 2,165 4,839 6.862 9,067
XN 2,19 4,904 6,853 3.189
60° 2,03 4,567 6,354 8,526
75° 1,773 3,962 S a6 7,426
80° 1,700 3,800 5,310 7,120
. 90* 1,959 3,605 4,056 5,511
" 105° 1,337 2,998 o173 $.599
120° 1,206 2,69 3,767 5,091
135° 1,165 2,468 3,449 “.52% ’
150° 1,032 2,306 3,222 -, 321
165° 988 2,209 3,086 -, 138
180° 359 2,144 2,144 4,016

*Agimuch is measured (o the centerline of the single bucket-iype
deflector.




120°
138°
150
168°
180°

TARLE A-2

Aaticipsted Sound Pressure Level Contours
1.5 Million Pounds Thrust

110 dv 105 db 100 db
‘.nn). imasese) {magecs) imegers)
6,328 9,266 12,649 16,917
4,328 9,266 12,649 16,917
8,542 9,662 13,198 17,648
4,603 9,815 13,381 17,892
4,267 9,14k 12,666 16,673
3,658 7,953 10,851 14,507
3,566 7,620 10,39 13,899
3,261 6,828 9,297 12,436
2,004 5,97 8,138 1¢,881
2,5% 5,626 7,607 9,906
2,07 4,968 6,767 9,093
2,164 4,633 6,340 8.67%
2,073 4,450 6,066 8,.08
2,012 4,298 s, 883 7,864

*Miimuth 16 messured from the canterline of the single bucket-type

deflector.



105°
120°
135°
150°
165°

180°

TABLE A-)

. 120 db 110 db

{megers) {megery)
6,129 12,137
6,129 12,137
6,431 12,735
6,518 12,9c6
6,042 11,966
5,266 10,427
5,050 10,000
4,619 9,145
3,971 7,863
1,582 7.09%
3,280 5,495
3,064 6,068
2,935 5.812
2,849 5,641

Anticipated Sound Pressure level Contours
15 Millfon Pounds Thrust

105 db
S{meters)

16,628
16,628
17,447
17,681
16,393
14,051
13,700
12,529
10,772
9,719
8,899
8,312
7,962

7,728

10C db
L1 8

Y1, 846
21, 846
22,923
23,231
21,539
18,461
18,000
16,462
16,154
12,769
11,692
10,923
10,461

10,154

*Azimuth (s measured from the centerline of the single bucket-type
deflector.




%

Asimuth®

o°
15°
30°
as®
0°
75°
00°
%"
108°
120°
Js*
150°
165°
T )

gimnth 15 msesuced from the cemterlime of the simgle buckst-gype

daflector.

AR A-4

datlcipated Soumd Iressure level Comtours
20 MSllioa Pounds Thrust

120 & 110 & 105 db 100 db
imatere) {maters) {maters) {meters)
.67 13,108 17,720 23,22
.67 13,108 17,720 23,242
7,004 13,754 18,593 2,387
7,99 14,938 18,801 %.715
6,30 12,923 17,470 22,914
5,738 11,262 15,224 19,968
5.500 10,50 14,600 19,150
3,030 9.877 13,352 17,512
4,32 8.492 11,480 15,058
3,901 7,662 10,357 13,585
3,57 7.016 9,404 12,439
3,33 6,554 8,860 12,124
3.19% 6.277 8,408 11,130
3,10 6.092 .26 10,802

Xl




TABLE A-S

Aaticipsted Sound Pressure level Contours
30 Millton Pounds Thrust

Aslomuth® 120 db 110 db 105 db 100 db
{megers) {megers) Smegers) {maters)

o° 7,167 14,807 19.662 25,245
15* 7.7 14,80 19,662 25,245
3’ 8,151 15,537 ‘ 20,631 26,489
4s® 8.260 15,745 20, 906 26 .84
60° 7,638 14,598 19,385 24 B89
75° 6,673 12,721 16.892 _ 21,685
80° 6,400 12,200 16,200 >C. 800
90° $.85) 11,157 14,815 19,022
108° 5.033 9,593 12,738 16,353
120° 4,560 8,655 11,492 16,756
135° 4,165 7,925 10,523 13,511
150° ) 884 7,403 5,831 12,622
165° 3,720 7,091 9,415 12,089

180° 1,610 6,882 9,138 11,734

Nz imuth {s measured fro- the centerline of the single bucket-type
detlector
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